Abstract. Aerosol chemical speciation monitor (ACSM) measurements were performed in Zurich, Switzerland, for 13 months (February 2011 through February 2012. Many previous studies using this or related instruments have utilized the fraction of organic mass measured at m/z 44 (f 44 ), which is typically dominated by the CO + 2 ion and related to oxygenation, as an indicator of atmospheric aging. The current study demonstrates that during summer afternoons, when photochemical processes are most vigorous as indicated by high oxidant -OX (O 3 +NO 2 ), f 44 for ambient secondary organic aerosol (SOA) is not higher but is rather similar or lower than on days with low OX. On the other hand, f 43 (less oxidized fragment) tends to increase. These changes are discussed in the f 44 / f 43 space frequently used to interpret ACSM and aerosol mass spectrometer (AMS) data. This is likely due to the formation of semi-volatile oxygenated aerosol produced from biogenic precursor gases, whose emissions increase with ambient temperature.
Introduction
Atmospheric aerosols are at the center of scientific and political discussions due to their highly uncertain direct and indirect climate effects (IPCC, 2007) , their adverse impacts on human health (Peng et al., 2005) , and their influence on our inhabited (Watson, 2002) and agricultural areas (Matson et al., 2002) . Reliable identification and quantification of aerosol sources is essential for developing control strategies. The concentrations of particulate matter have generally decreased in the last 10-20 years in Europe and Switzerland but legal thresholds are still often exceeded (Barmpadimos et al., 2011 (Barmpadimos et al., , 2012 . Atmospheric aerosols are classified based on their formation processes as primary and secondary aerosols, which are directly emitted into the atmosphere and formed from gas to particle conversion, respectively. Recently, the scientific focus has shifted towards submicron particulate matter (PM 1 ) (Hallquist et al., 2009) , especially the organic fraction, which typically comprises 20-90 % of the total submicron aerosol mass .
Aerodyne aerosol mass spectrometers (AMS), including the aerosol chemical speciation monitor (ACSM), have become important and widely employed instruments for the chemical characterization of submicron organic aerosol (OA) (Canagaratna et al., 2007; Ng et al., 2011b) . These instruments provide online quantitative mass spectra of the non-refractory (inorganic and organic) aerosol composition with high time resolution. Frequently, the organic fraction is further analyzed Ulbrich et al., 2009; Zhang et al., 2011) using the positive matrix factorization (PMF) algorithm proposed by Paatero and Tapper (1994) , which represents the organic mass spectral matrix as a set of source/process-related factor mass spectra and time series.
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sets led to the characterization of secondary organic aerosol (SOA)-related factors as semi-volatile and low volatility oxygenated organic aerosol (SV-OOA and LV-OOA) Ng et al., 2010) . The SV-OOA mass spectra have a higher fraction of m/z 43 to organic mass (f 43 ) and a lower fraction of m/z 44 to organic mass (f 44 ) relative to LV-OOA. SV-OOA and LV-OOA factors derived from ambient PMF analyses yield a triangle in the f 44 / f 43 space (Ng et al., 2010) . SV-OOA usually represents freshly formed OOA, whereas LV-OOA may result from photochemical aging of SV-OOA, direct gas phase to LV-OOA conversion , or aqueous-phase chemistry, all of which lead to a net increase of OOA f 44 with atmospheric age (Hallquist et al., 2009) .
Evidence from several smog chamber and ambient studies suggests that the location in the f 44 / f 43 space could carry information on the source of SV-OOA. The generation of SOA from smog chamber experiments indicates that for a given f 44 SOA formed from wood burning experiments (Hennigan et al., 2011; Heringa et al., 2011) yields lower f 43 than from biogenic precursors (Alfarra et al., 2012; Chhabra et al., 2011; Ng et al., 2010; Pfaffenberger et al., 2013) . Recently, some ambient studies also showed that the f 43 and f 44 points lie in specific regions in the triangular space depending on the season (Crippa et al., 2014; Freney et al., 2011 Freney et al., , 2014 Ge et al., 2012) . However, the ambient studies showing the raw data points consider the total f 43 and f 44 fraction rather than the model-derived OOA. Thus, the position of these points is affected by the contribution of the primary sources, whereas in Ng et al. (2010) the triangular space referred to the modeled OOA factors, i.e., SV-OOA and LV-OOA only.
Photochemical oxidation constitutes a major production pathway for OOA. The tropospheric ozone concentration is mainly generated from the oxidation of volatile organic compounds (VOCs) initiated by the OH radical and is thus a useful indicator for photochemical activity. The net oxidation of the simplest VOC, methane (CH 4 ) with oxygen (O 2 ) leading to carbon monoxide (CO), water (H 2 O), hydroxyl radical (OH), and ozone (O 3 ), is represented in the presence of NO x as follows (Seinfeld and Pandis, 2006) :
The ozone molecules produced by these oxidation reactions participate in a rapid equilibrium between NO and NO 2 , involving the photolysis of NO 2 , summarized by
The sum of O 3 and NO 2 concentrations, defined as the oxidant -OX (Alghamdi et al., 2014; Clapp and Jenkin, 2001; Jenkin, 2014) , is therefore a proxy for atmospheric aging in the troposphere.
Lagrangian studies investigating the evolution of air parcels moving downwind from a city have shown an increase of the LV-OOA to SV-OOA ratio (implying an increase in total OOA f 44 ) as a function of the distance from the city center . However, field campaigns and monitoring networks typically rely on stationary measurements, representing Eulerian studies instead, for which the relationship between aging (i.e., OX) and f 44 is not strictly given.
In this study, ACSM aerosol mass spectra measured in Zurich between February 2011 and February 2012 are analyzed using the PMF algorithm in the multilinear engine (ME-2) implementation (Paatero, 1999) . The transformation of OOA during the aging processes in summer is related to OX and temperature. Moreover, the OOA composition is characterized in terms of f 44 and f 43 , investigating the extent to which precursor sources can be inferred from these values.
Materials and methods

Measurements
The instruments and the methods employed for this study were described in detail by Canonaco et al. (2013) , and only a brief overview is presented here. An ACSM (Aerodyne Research, Inc., Billerica, MA, USA) was deployed at the Kaserne station, an urban background station in the city center of Zurich (Switzerland), from February 2011 to February 2012. The ACSM is a compact AMS, designed for longterm measurements of non-refractory particulate matter with vacuum aerodynamic diameters between approximately 60 and 600 nm, typically denoted as NR-PM1. The instrument is described in detail by Ng et al. (2011b) . For a detailed description of AMS operation and analysis principles, the reader is referred to Jayne et al. (2000) , Jimenez et al. (2003) , Allan et al. (2003 , 2004 ), and Canagaratna et al. (2007 .
The meteorological data and trace gases were measured with conventional instruments by the Swiss National Air Pollution Monitoring Network, NABEL (Empa, 2011) . The time resolution of all these instruments was 10 min. NO x was measured by chemiluminescence spectroscopy (Horiba APNA 360), whereas UV absorption was employed to measure the concentration of ozone (Thermo Environmental Instruments (TEI) 49C, Thermo Electron Corp., Waltham, MA). An aethalometer (AE 31, Magee Scientific Inc.) was utilized to retrieve the concentration of equivalent black carbon (EBC).
The multilinear engine
ME-2 (Paatero, 1999) is an engine for solving the PMF algorithm (Paatero and Tapper, 1994) where a measured matrix X is deconvolved into two matrices G and F and the remaining residual matrix E: In the measured matrix X, the columns j are the m/z's and each row i represents a single mass spectrum over time. Note that p is defined as the number of factors of the chosen model solution, i.e., the number of columns of G and the number of rows of F. Each column of the matrix G represents the time series of a factor, whereas each row of F represents the factor profile (mass spectrum).
In PMF, the entries in G and F are fit using a least squares algorithm that minimizes iteratively the quantity Q, defined as
Here e ij are the elements of the residual matrix E and σ ij are the measurement uncertainties for the input points x ij .
It is known that PMF solutions suffer from rotational ambiguity (Paatero et al., 2002) , i.e., multiple combinations of G and F can be found that yield similar Q. Thus, for AMS/ACSM data the solution space needs to be explored in order to find the most environmentally reasonable and interpretable solution according to the recommendations discussed in Ulbrich et al. (2009), Canonaco et al. (2013) and Crippa et al. (2014) .
In this study, rotations are explored using the a value approach, which was first introduced by Lanz et al. (2008) for AMS data, employed for ACSM data in Canonaco et al. (2013) and systematically tested on 25 AMS data sets in Crippa et al. (2014) . Within this method, the user directs the algorithm towards useful rotations by constraining factor profiles (as done here) and/or factor time series based on a priori information (Paatero and Hopke, 2009) .
Briefly, the a value determines the extent to which a given factor profile (f j,solution ) is allowed to vary with respect to its predefined profile value (f j ) during the model iteration:
where the index j denotes a measured variable (i.e., m/z) and the a value is its scalar product. As an example, an a value of 0.1 allows for a variability of ±10 %. Generally, primary aerosol components are assumed to be unaffected by meteorological and chemical aging processes, since they represent fresh emissions. This assumption is empirically supported by the similarities in primary organic aerosol (POA) profiles retrieved in PMF analyses at many sites, e.g., in Ng et al. (2011a) . This allows the model to be constrained using POA factor profiles from other PMF studies and allowing data set-specific optimizations with the ME-2 solver using the a value technique. In contrast to POA, OOA profiles (i.e., SOA composition) depend on many parameters, e.g., precursor gases, aging processes, and atmospheric conditions. To appropriately constrain an OOA profile, the effect of these considerations on the spectral profiles must be known. Therefore, OOA factors are not constrained but rather allowed to be modeled by PMF.
For this study we conducted the source apportionment employing the ME-2 solver and constraining the primary aerosol components, i.e., traffic (HOA), cooking (COA), and biomass burning (BBOA) using the a value approach and allowed for two additional free factors representing the secondary components. HOA and COA anchor profiles were taken from Crippa et al. (2013) , where these primary sources were successfully resolved in an unconstrained PMF run. The BBOA anchor is the averaged BBOA mass spectrum reported in Ng et al. (2011a) . The employed a values are 0.1 for HOA and COA and 0.3 for BBOA. This was based on different sensitivity tests performed on the winter and summer data set separately, similar to those presented in Canonaco et al. (2013) . The higher a value for BBOA accounts for the fact that the biomass burning sources are more variable, as they depend strongly on the burning material and burning conditions (Hennigan et al., 2011; Heringa et al., 2012; .
Estimating OOA f 43 and f 44
The approach used in this study for estimating f 43 and f 44 for OOA involved the subtraction of the contributions from the primary sources arising at m/z 43 and m/z 44. This is slightly different from the method of Ng et al. (2010) , where only the modeled f 43 and f 44 for SV-OOA and LV-OOA were considered. The two methods produce slightly different results because specific sources/processes are not perfectly represented by individual factors, as evidenced by the residual matrix E. In the current method, the variability not captured by the model (i.e., residuals), propagates into the calculated f 43 and f 44 . This means that the total OOA variability is more fully captured by the current method, but at the cost of unintentionally including variability due to imperfectly modeled POA.
Results and discussion
Source apportionment in winter and summer 2011
Source apportionment was conducted separately for winter (February and March) and summer (June to August) 2011. These two seasons represent extreme cases, whereas spring and fall may be conceptualized as intermediate cases. A complete source apportionment analysis of the ACSM data of 2011/2012 is in preparation (Canonaco et al., 2015) . The summer/winter 2011 results are summarized in the supplementary material. Note that the solutions are environmentally reasonable: the traffic factor correlates with NO x and EBC, the cooking factor peaks during mealtimes (noon and evening), BBOA is higher at night and lower during the day accounting for nocturnal heating in winter and barbecuing and possible local fire events in summer, and the daily cycle of SV-OOA is anticorrelated with temperature for the winter and summer data ( daily cycle of LV-OOA is rather flat (winter) or shows an increase during the afternoon (summer), representing either the conversion of SV-OOA to LV-OOA or direct LV-OOA formation from the gas phase and thus compensating the effect of boundary layer dilution and/or advecting air masses containing background LV-OOA.
Figures S3 and S6 reveal an increase in concentrations for all factors except LV-OOA during the late evening and at night in winter and summer. This is mostly governed by a smaller boundary layer in the evening compared to midday which tends to concentrate all emissions.
The OOA f 44 / f 43 data together with the ratios of the SV-OOA and LV-OOA in the f 44 / f 43 space are summarized for both seasons in Fig. 1 . This figure highlights the fact that the majority of the OOA points, especially those with high masses (data with weak signal to noise are not expected to be explained by the model), are well captured by the seasonal PMF run, since they are equally scattered (unimodal residual) around the connection line between SV-OOA and LV-OOA and hardly extend beyond these endpoints. Hence, no major systematic over-or underestimations occur. Visual inspection of Fig. 1 indicates that the SOA points do not form a cloud, but rather suggest a line. This indicates that a single OOA factor cannot adequately represent SOA spectral variability in both seasons and at least two OOA factors with consistent characteristics of SV-OOA and LV-OOA are required. Note that the different location (and apparent slope) in the f 44 / f 43 space of the winter and summer data indicates that a combined winter/summer PMF would fail to capture the seasonal variability in OOA. The winter SV-OOA lies more on the left side of the triangular space, whereas the summer SV-OOA is on the right side of the triangular space. These locations are comparable with the location of SOA from smog chamber studies conducted with biomass burning (Heringa et al., 2011) and α-pinene (Pfaffenberger et al., 2013) . The data from these two studies are represented with orange rectangles in Fig. 1a and b. 
Variations in the f 44 / f 43 space for winter 2011
The variation of the winter 2011 OOA points in the f 44 / f 43 space shown in Fig. 1a is due to the linear combination between the winter LV-OOA and the biomass burning-related SV-OOA. Adopting the nomenclature convention proposed in Murphy et al. (2014) the winter SV-OOA, called SVbbSOA (biomass burning SV-OOA), would be due to aging of biomass burning-related VOCs emitted primarily by domestic heating, which peaks at night. Figure S1 supports the interpretation of the winter SV-OOA as originating mainly from biomass burning emissions, due to the presence of m/z 60, the biomass burning tracer that has been shown to be substantial in SV-OOA (Heringa et al., 2011) . SV-OOA arising from traffic emissions is likely to be a minor contribution, as the total estimated contribution of the traffic source (combined POA and SOA) for Zurich winter 2011/2012 is on average less than 20 % to the total OA (Zotter et al., 2014) . In comparison, the PMF result in this study ascribed on average 12 % of OA to primary traffic contributions, 25 % to SV-OOA, and 40 % to LV-OOA. Even if the remaining traffic SOA contribution were completely assumed to be SV-OOA, this would still be a minor part of the total SV-OOA.
SV-OOA has a lower f 44 compared to the SV-OOA in summer (see Sect. 3.3) . Nonetheless, the f 44 of LV-OOA in winter is higher than that of LV-OOA in summer despite reaching similarly low f 43 values. A possible explanation could be aqueous-phase production of LV-OOA (either directly or via processing of SV-OOA) in clouds or humidified aerosols, which are believed to increase oxygenation above that predicted by gas-phase reaction/condensation mechanisms (Ervens et al., 2011; George et al., 2008; Slowik et al., 2012) . However, due to the lack of experimental data and ambient tracers for such mechanisms, this hypothesis remains speculative. 
Variations in the f
General trends
The variation of the summer 2011 OOA data in the f 44 / f 43 space shown in Fig. 1 can be described as a linear combination of the summer LV-OOA and SV-OOA (see Sect. 3.2) . The relation between temperature and OX for the measured data is shown in Fig. 2a . Note that OX is plotted as a function of the maximal daily temperature ±2 h to capture the period of highest photochemical activity. This strong relation implies that the photochemical oxidation is highest for days with high temperature. However, the relation between f 44 and OX is rather flat if not slightly inversely proportional as highlighted in Fig. 2b . On the contrary, f 43 shows a proportional dependence on the afternoon OX values (Fig. 2c) . This is consistent with increased production of SV-OOA relative to LV-OOA, i.e., with increased VOC precursors in the atmosphere. Given the season and elevated temperatures, biogenic emissions are a likely source (Guenther, 1997) . Figure 3a illustrates the clustered afternoon data on top of the summer OOA data in the f 44 / f 43 space. Only the values in the interval of 4 h around the maximal daily temperature (T max ) were considered for the clustering. This figure elucidates the fact that the main horizontal movement of the f 44 / f 43 OOA data is driven mainly by temperature and thus by biogenic emissions. Therefore, the modeled SV-OOA is predominantly of biogenic nature and has been referred to as SV-bSOA (biogenic SOA) by Murphy et al. (2014) . Figure 3b shows the OOA data together with two grouped families. The red points are the same as in Fig. 3a, i. e., the afternoon values only. The blue points are the clustered points between midnight to 5:00 LT of the following morning. Only early morning points are considered to avoid dilution effects from a rising boundary layer after sunrise. The comparison of the two grouped families (afternoon and subsequent early morning) suggests that semi-volatile organics generated during the day condense to the aerosol phase at night, increasing f 43 and decreasing f 44 . This effect was already described Lanz et al. (2007) showing that the condensation of fresh oxygenated organic compounds (SV-OOA) was enhanced during the night and the early morning following hot summer days during a 3-week campaign with the AMS in Zurich. The fact that the ACSM data from the entire summer season in Zurich in 2011 show the same temperature-driven partitioning for SV-OOA reinforces the interpretation of the semi-volatile character of OOA2 from Lanz et al. (2007) . As discussed in the previous section, the summer SV-OOA is likely governed by biogenic SV-OOA (SV-bSOA). Moreover, oxidation processes enhancing the LV-OOA fraction during the afternoon, as highlighted by the diurnal cycle in Fig. S6 , will increase the diurnal f 44 / f 43 ratio leading to a stronger separation of the their day versus night points. Only a single pair of points in Fig. 3b , at the lowest temperature (which has high statistical uncertainty due to the small number of measurements contained) violates this trend. Figure 4a and b show summer SV-OOA and LV-OOA against the maximum afternoon temperature as calculated above (red bars) and the data between midnight and 5:00 LT of the following morning (blue bars). The SV-OOA concentration tends to increase as a function of temperature, both during the afternoon and early morning. LV-OOA shows a similar but less pronounced behavior. In Fig. 4c , the ratio (SV-OOA / total OOA) is plotted against the total OOA mass concentration. For low OOA concentrations, the fraction of SV-OOA increases with increasing total OOA. However, the fraction levels off for total OOA mass concentrations above 5 µg m −3 . One possible explanation could involve the departure of the exponential dependency of the biogenic VOC's emission rate from the temperature, which occurs at temperatures between 30 and 35 • C (Smiatek and Steinbrecher, 2006) . Besides the positive trend of SV-OOA with respect to the summer afternoon temperature, the SV-OOA fraction increases as a function of total OA mass, highlighted in Figs and S7. Recently, the smog chamber study reported in Pfaffenberger et al. (2013) on aged biogenic VOC showed that the partitioning of biogenic semi-volatile organic compounds (SV-OOA) to the aerosol phase is enhanced for increased aerosol mass concentrations, resulting in a decrease of f 44 and an increase in f 43 . Figure S7 shows f 44 and f 43 plotted as a function of total OA mass for the summer data together with the experimental data (L. Pfaffenberger, personal communication, 2013) . Our results in the higher mass range (above 5 µg m −3 ) suggest a similar behavior for f 43 , though less pronounced for f 44 . One reasonable explanation could involve a slightly higher total f 44 value for the ambient data at low concentrations, due to higher photochemical aging. In addition, other reaction pathways, e.g., nitrate oxidation, or aqueous-phase reactions might also affect the ambient composition and finally, the presence of other ambient VOCs than those tested in the above-mentioned smog chamber study, would also lead to a different slope of the ambient data.
Day and night variations
SV-OOA vs. LV-OOA
SOA formation in summer
The main ambient emission and photochemical oxidation processes are summarized in Fig. 5 . The four sources relevant for this study are represented at the bottom, i.e., biogenic, Figure 5 . The simplified scheme represents the emissions and aging processes occurring in ambient during the summer afternoons. The big arrows stand for the emission/conversion rates and the dashed arrows show qualitative dependencies, with the arrow pointing towards the dependent quantity. Higher temperatures in summer primarily enhance the biogenic path (highlighted in orange).
traffic, cooking, and biomass burning. These sources emit VOCs which are transformed to SV-OOA and further to LV-OOA or directly to LV-OOA (orange arrows in the figure) . The concentration of OX in the atmosphere is related to the net aging processes and is therefore linked to the conversion from VOC to SV-OOA and/or LV-OOA and from SV-OOA to LV-OOA. The strong relation between OX and temperature highlighted in Fig. 2a suggests that photochemistry is more active during the summer afternoon. However, Fig. 2b indicates that the SOA f 44 is rather flat with increasing OX in favor of the total OOA f 43 (SV-OOA), as also shown in Fig. 2c . Substantial amounts of continuous VOC emissions in summer enhance the formation of SV-OOA in comparison to the conversion of VOC's and/or SV-OOA leading to LV-OOA. The latter is typically occurring on a timescale of hours . Higher temperatures will enhance the biogenic emissions relative to the other emission rates. As a consequence the biogenic path will dominate and the resulting SV-OOA will most likely be predominantly of biogenic nature, i.e., SV-OOA, represented as the orange path in Fig. 5 .
Conclusions
This study shows that the SV-OOA modeled for ambient data by the means of the multilinear engine (ME-2) in winter and in summer retains some chemical information related to its precursor source(s). For a given f 44 , biomass burning-related SV-OOA exhibits lower f 43 relative to biogenic SV-OOA, locating these two SOA factors on the left-and right-hand sides of the triangular space identified by Ng et al. (2010) .
Periods of high photochemical activity in summer do not increase the SOA f 44 / f 43 ratio because temperature-driven biogenic emissions and subsequent SV-OOA formation dominate over the conversion rate of SV-OOA to LV-OOA or direct formation of LV-OOA. The f 44 / f 43 ratio is consistently lower at night than during the previous day due to the condensation of semi-volatile compounds produced during the day, predominantly from reaction of biogenic VOCs.
In summer, the OOA composition depends strongly on temperature and mass concentration for values below 5 µg m −3 . This highlights the importance of biogenic VOC emissions and of the biogenic SOA production.
In addition, there were substantial differences between the winter and summer f 44 / f 43 data indicating that a PMF result over the entire data, employing two OOA factors only, would fail to fully represent the seasonal variability of OOA.
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